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A 59Co nuclear quadrupole resonance (NQR) was performed on a single-crystalline ferromagnetic (FM) su-
perconductor UCoGe under pressure. The FM phase vanished at a critical pressure Pc, and the NQR spectrum
just below Pc showed phase separation of the FM and paramagnetic (PM) phases below Curie temperature TCurie,
suggesting first-order FM quantum phase transition (QPT). We found that the internal field was absent above Pc,
but the superconductivity is almost unchanged. This result suggests the existence of the nonunitary to unitary
transition of the superconductivity around Pc. Nuclear spin-lattice relaxation rate 1/T1 showed the FM critical
fluctuations around Pc, which persist above Pc and are clearly related to superconductivity in the PM phase.
This FM QPT is understood to be a weak first order with critical fluctuations. 1/T1 sharply decreased in the
superconducting (SC) state above Pc with a single component, in contrast to the two-component 1/T1 in the FM
SC state, indicating that the inhomogeneous SC state is a characteristic feature of the FM SC state in UCoGe.
Ferromagnetism and superconductivity have been consid-
ered to compete and mutually suppress one another [1], and
the coexistence has been only reported in some compounds
so far, where two phenomena arise from different atoms or
sites [2–4]. However, such a generally accepted notion was
forced to change after the discovery of superconductivity in
a series of uranium (U)-based ferromagnets, namely, UGe2
[5], URhGe [6], and UCoGe [7]. The superconducting (SC)
phase in these compounds is embedded inside the ferromag-
netic (FM) phase, and spin-triplet pairing is highly antici-
pated. Our 59Co nuclear-quadrupole-resonance (NQR) mea-
surements showed that ferromagnetism and superconductivity
in UCoGe coexist microscopically [8], and that the U site is
an origin of two phenomena [9]. One of the attractive fea-
tures of these systems is that the FM quantum phase transi-
tion can be achieved experimentally with pressure or mag-
netic field, and thus, they are excellent systems for studying
the relationship between the FM and SC phases. It was re-
ported that the reentrant superconductivity in URhGe [10] and
the robustness of superconductivity in UCoGe are related with
the field-induced FM criticality [11]. The nuclear-magnetic-
resonance (NMR) measurements revealed that the reentrant
superconductivity in URhGe is associated with the tricritical
fluctuations induced by the field [12, 13]. We have shown
from direction-dependent NMR measurements in UCoGe that
the longitudinal critical FM fluctuations, which are regarded
as amplitude modes of magnons, play an essential role for
superconductivity, and suggested that the FM fluctuations in-
duce spin-triplet superconductivity with the theoretical model
calculations [14–16]. This scenario, which differs from the or-
dinary electron-phonon coupling in the BCS model, is consis-
tent with the theoretical work by Mineev [17] and is supported
by recent thermodynamical measurements and analyses [18].
One of the remaining issues in UCoGe is an understanding
of the FM criticality and its relationship with the superconduc-
tivity under pressure. UCoGe possesses a unique pressure-
temperature phase diagram, in which superconductivity per-
sists in the paramagnetic (PM) region beyond the FM critical-
ity [19–21]. This phase diagram implies that the supercon-
ductivity is induced by the fluctuation related to a quantum
critical point (QCP). In the case of antiferromagnetic (AFM)
instability, SC phases are widely observed around the AFM
QCPs in Ce-based heavy-fermion superconductors and iron-
based superconductors. By contrast, the relationship between
the FM QCP and the superconductivity is not straightforward
because the first-order quantum phase transition (QPT) has
been anticipated from the theoretical study of the itinerant fer-
romagnetism [22]. Actually, UGe2 and URhGe exhibit first-
order FM transitions by pressure or magnetic field [23, 24],
and the FM QCP does not exist at zero field. The first-order
FM transition was reported at P = 0 in UCoGe [8, 25], and it
is necessary to examine how the FM criticality relates to the
superconductivity in UCoGe.
Another important issue in UCoGe is the identification of a
self-induced vortex (SIV) state in the coexisting phase. Care-
ful magnetization and superconducting quantum interference
device (SQUID) measurements showed that the Meissner state
is absent although the Meissner-Ochsenfeld effect was ob-
served [26, 27]. We reported from the 59Co NQR that the
FM SC state is inhomogeneous because two nuclear relax-
ation components showing SC and non-SC behaviors were
observed below the SC transition temperature TSC, and sug-
gested the realization of the SIV state [8]. However, we could
not rule out the possibility that this inhomogeneity arises from
the disorder- or impurity-induced non-SC part. It is, therefore,
crucial to know whether the non-SC component disappears
when the FM state is suppressed by pressure.
In this Rapid Communication, we report that the FM QPT
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FIG. 1. (Color online) ac susceptibilities of UCoGe at several pres-
sures measured with an NMR coil at zero magnetic field. Frequen-
cies are between 5 and 9 MHz.
of UCoGe is weakly first order, and the details of the phase
diagram are different from the case of a second-order QCP.
We also found that the FM fluctuations are enhanced and TSC
increases around Pc, indicative of the positive relationship be-
tween the two phenomena. The strong FM fluctuations persist
above Pc, and are likely to be responsible for the SC state in
the PM side. UCoGe is also a member of the FM supercon-
ductors showing a first-order FM transition; however, the dis-
continuity of the magnetization at the transition is so weak that
the development of the FM fluctuations is observed, which
is a characteristic feature of the second-order transition. The
NQR measurements above Pc suggest that the PM SC state
is homogeneous, indicating that the whole part of the sample
becomes superconducting. This result leads to a conclusion
that the two-component nuclear relaxation in the FM SC state
is not due to the disorder or impurity but is a characteristic
feature in the FM superconductors.
We used a single-crystalline sample with the FM and SC
transition temperatures TCurie = 2.5 K and TSC = 0.46 K,
respectively. Details of sample preparation are described in
a previous paper [14]. This sample has a residual resistivity
ρ0 = 13 µΩ cm along the b axis at ambient pressure [14], and
the mean free path is calculated as l ' 700 Å if we adopt a
rough estimation used in the previous study [28]. This value
is larger than the SC coherence length ξ ' 120 Å [28]. Hy-
drostatic pressure was applied using a piston cylinder-type
cell with Daphne oil 7373 as a pressure medium. Low-
temperature measurements were carried out using a 3He-4He
dilution refrigerator down to 0.15 K. The 59Co NQR was per-
formed without applying static field. 1/T1 detects the FM
fluctuations along the easy (c) axis, since the nuclear quan-
tization axis at the Co site in NQR is almost parallel to the
crystallographic a axis [29], and 1/T1 is determined with the
magnetic fluctuations perpendicular to the quantization axis.
The RF magnetic field H1 was applied along the c axis, where
a large signal intensity was obtained.
Figure 1 shows the temperature dependence of the ac sus-
ceptibility δχac of UCoGe at several pressures measured with
an NQR coil. The δχac was determined by the change of the
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FIG. 2. (Color online) 59Co NQR spectra of UCoGe under zero field
(a) at 4.2 K (PM state) arising from ν1, ν2, and ν3 transitions, and
(b–d) at various temperatures at ν3. The spectrum at P = 0 GPa and
T = 0.10 K shown in (b) was from Ref. 8.
tuning of the LC circuit. TSC slightly increases with increas-
ing pressure and gets maximum at around 0.67 GPa. The SC
transition width becomes sharper as pressure increases. These
results are qualitatively consistent with the previous studies
with bulk measurements [19–21].
Figure 2(a) shows the pressure dependence of the 59Co-
NQR spectra at 4.2 K in the PM state. Three peaks arise from
±1/2 ↔ ±3/2 (ν1), ±3/2 ↔ ±5/2 (ν2), and ±5/2 ↔ ±7/2
(ν3) transitions. The large asymmetric parameter η ' 0.52
makes ratios of these frequencies far from simple integers.
The spectra slightly shift as pressure increases because the
electric field gradient at the nuclear site changes by the lat-
tice shrinkage. The unchanged line width indicates a small
inhomogeneity of the applied pressure.
The temperature variation of the spectra at the ν3 line at
different pressures is shown in Figs. 2(b)–2(d). At ambient
pressure, a FM signal appears below TCurie because of an in-
ternal field at the nuclear site [8]. The PM signal disappears
and only the FM signal was detected at sufficiently low tem-
perature, suggestive of a homogeneous FM state. On the other
hand, coexistence of the PM and FM signals persists down to
the lowest measurement temperature at 0.32 GPa. The PM
signal becomes broader below TCurie, which could be ascribed
to the magnetostriction effect [30] because the existence of
the partial FM regions with slightly different lattice constants
leads to the local stress in the sample. The two peaks indicate
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FIG. 3. (Color online) 59Co nuclear spin-lattice relaxation rate 1/T1
divided by temperature T under zero field in UCoGe. The result at 0
GPa was from Ref. 8. The data below 1.4 K lacks for 0.32 GPa owing
to the poor NQR intensity. 1/T1 was measured at the PM site except
for 0 GPa below TCurie, and was obtained at the ν3 line (∼ 8 MHz).
Inset: pressure-temperature phase diagram of UCoGe determined by
the ac susceptibility and NQR for the present sample.
the phase separation of the PM and FM phases and the first-
order FM transition occurs at 0.32 GPa. Finally, no FM signal
was detected at 0.67 GPa. These results indicate that the FM
phase transition of UCoGe is already a first order at ambi-
ent pressure, and is completely suppressed at 0.67 GPa in our
sample, indicating that the FM criticality of UCoGe is classi-
fied as the first-order QPT. The phase diagram of this sample
is qualitatively in good agreement with the previous studies
[19–21], although Pc is somewhat lower than the values in
literature. This difference may reflect the remarkable sample
dependence of the ferromagnetism of UCoGe [31]. The un-
changed spectrum shown in Fig. 2(d) also indicates that an
internal magnetic field was absent in the SC state at 0.16 K
within the experimental resolution. Thus, a unitary state is re-
alized in the PM SC state. The time-reversal symmetry has
been anticipated in this phase because the FM transition is ab-
sent above TSC [20], and the present result verified the absence
of the internal field in the SC state from the microscopic point
of view. We suggest that the nonunitary-unitary transition oc-
curs around ∼ 0.5 GPa in the present sample.
Figure 3 shows the results of nuclear spin-lattice relaxation
rate 1/T1 divided by T at several pressures measured at the ν3
line. The phase diagram of the present sample determined
by the ac susceptibility and NQR is shown in the inset of
Fig. 3. At ambient pressure, 1/T1T exhibits strong enhance-
ment around TCurie due to strong FM fluctuations [8]. When
the pressure increases, the peak temperature shifts lower ow-
ing to the suppression of the FM phase, and the FM fluctua-
tions at TSC are strongest at 0.67 GPa. A clear SC transition
was observed even with strong FM fluctuations, and this is
consistent with the scenario that the superconductivity is me-
diated by the Ising-type FM fluctuations [14]. At 1.09 GPa,
the enhancement of the FM fluctuations becomes weaker and
TSC start to decrease, but the enhanced behavior still remains.
The enhancement of 1/T1 usually implies a second-order FM
QCP, but the clear first-order transition was observed in the
NQR spectrum (Fig. 2). Thus, the FM transition of UCoGe
is likely to be weakly first order near the tricritical point. We
note the possibility that the hyperfine coupling constant might
be changed by applying the pressure. In such a case, however,
1/T1T and the Knight shift significantly change far above the
magnetic ordering temperature, which was actually observed
in CeRhIn5 [32, 33]. Because 1/T1T is almost invariant at 60
K in UCoGe, the change of 1/T1T is ascribed to the change
of the spin fluctuations by pressure.
The SC state exists in the FM and PM sides in spite of the
first-order FM transition by pressure. This is owing to the
presence of strong FM fluctuations in both sides, and the dis-
continuity of the magnetism does not seriously affect the for-
mation of the Cooper pairs. This is different from the case of
UGe2, where the FM phase vanishes with a first-order transi-
tion and neither critical fluctuations nor superconductivity was
observed above Pc [34]. In addition, it is shown that TSC of
UCoGe is the highest at around the FM criticality. Thus, the
picture that the SC emerges around the FM criticality seems
valid in UCoGe, and this system is similar to the case of the
superconductors observed near the AFM phase. The remain-
ing issue is whether UCoGe has a wing structure on pressure-
field-temperature phase diagram characteristic to the quantum
itinerant ferromagnet [22].
1/T1 gives information about the SC gap structure as well
as the magnetic fluctuations. Below TSC, 1/T1T rapidly de-
creases under all the pressures because of the opening of the
SC gap. Line-nodal gap behavior was observed in the FM SC
state at ambient pressure in the previous NQR [8], namely,
1/T1T ∼ T 2. Similar line-node behavior is also confirmed
with a thermal conductivity measurement [35]. Recently, it
has been proposed that the line node of the SC gap is pro-
tected by the nonsymmorphic space-group symmetry, and it
is expected that this gap structure persists in the PM SC state
under pressure [36]. However, a deviation from this behav-
ior was observed at 0.67 GPa and 1.09 GPa in the PM side
at low temperatures. The deviation could be explained by
a large residual density of states (DOS) in the SC state and
also supports the nodal SC gap. The details of the gap struc-
ture are masked by this additional relaxation in the PM SC
state. Since the multigap behavior was reported in the FM SC
state at P = 0 of the recent high-quality samples by the ther-
mal conductivity measurement [37], further measurements are
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FIG. 4. (Color online) 59Co NQR relaxation curves of UCoGe at 0
(FM) and 0.67 GPa (PM) above and below TSC. These data were
measured at the ν3 line (∼ 8 MHz). The dashed lines are best fit
of the results. The curves at ambient pressure denote the previous
results [8]. The single-component relaxation persists in the SC state.
necessary to reveal the SC gap structure of UCoGe.
Figure 4 shows the nuclear relaxation curves at ambient
pressure and 0.67 GPa, measured by 59Co NQR. At the FM
SC state, the relaxation curve shows two components below
TSC as shown in Fig. 4(a). The slower component shows the
SC behavior, but the faster component shows the non-SC be-
havior (Fig. 3) [8]. The non-SC part was roughly 50% in the
intensity and did not show large temperature dependence be-
low TSC. On the other hand, a single-component relaxation
persists even below TSC in the PM SC state [Fig. 4(c)]. These
results indicate that the faster component in the FM SC state
is an inevitable feature of UCoGe and originates from the
FM phase, and the whole part of the sample exhibits super-
conducting in the PM SC state under pressure. In addition,
the temperature-independent fraction of the faster component
would be inconsistent with the nuclear spin diffusion by the
presence of the diffusion center. Alternatively, we suggest that
the faster relaxation could be explained by SIV owing to the
coexistence of the FM and SC phases, as discussed in the pre-
vious paper [8]. In this scenario, the superconductivity is de-
stroyed at the vortex core, which results in a normal-metal-like
1/T1. It is theoretically expected that the larger magnetization
leads to a larger residual DOS owing to the partial pair break-
ing at the vortex core [38], and this tendency is consistent with
experiments on the three FM superconductors [39]. Disorder-
induced residual DOS behavior was seen in the present 1/T1
of UCoGe in the PM SC state under pressure as mentioned
above; however, such a deviation was absent in the longer
component of 1/T1 in the FM SC state at ambient pressure.
This difference is also explained by the formation of the vor-
tex state, because the disorder region in the sample works as
a pinning center of the vortex in the FM SC state and mainly
contributes to the short-1/T1 part. It should be noted that the
large fraction of the non-SC part in the FM SC state is not
evident because the internal field by the spontaneous magne-
tization at the FM state is two orders of magnitude smaller
than Hc2 along the c axis [26, 27], and the estimation of the
SIV region is of the order of the magnetization divided by Hc2
[38]. The SIV region would be increased by the presence of a
pinning center related to the disorder.
In addition to the SIV scenario, an interesting scenario to
explain the non-SC fraction is the presence of unpaired elec-
trons related to the spontaneous charge current resulting from
the FM chiral SC state [40]. The scanning SQUID measure-
ment revealed that the FM domain wall width is ∼ 0.1–1 nm,
and the size of the FM domains, an order of 10 µm, shows no
large change across the SC transition [41]. If the FM chiral
SC state is realized in UCoGe, it is expected that chiral SC
domains are created and they coincide with the FM domains.
This is the case for the so-called A symmetry expected from
the theoretical works for the interpretation of the NMR re-
sults [14–16, 42]. The spontaneous charge current would flow
at the surface and the domain walls due to the opposite di-
rections of the multidomain. With the multidomain structure,
a state with finite sum of these currents can be more stable
than a state with cancellation of these currents, and the Fulde-
Ferrell-like supercurrent flows in the opposite direction inside
the domain to cancel the net current in the domain. This cur-
rent leads to spatially dependent pair breaking, and thus, this is
also related to the two-component NQR relaxation in our sam-
ple [8] and a large residual specific-heat coefficient even in a
high-quality sample [39]. Although the magnitude of this con-
tribution to these experimental quantities and the relationship
with the SIV state are still unclear, this scenario may explain
the observed non-SC fraction. Further studies are needed to
conclude the origin of this anomalous behavior in the FM SC
state.
In conclusion, 59Co NQR was performed on the FM su-
perconductor UCoGe under pressure, and it was revealed that
the FM fluctuations are enhanced around the critical pressure.
This enhancement persists above Pc, and is closely related to
the emergence of the SC phase in the PM side. The phase sep-
aration of the FM and PM phases indicates weakly first-order
FM QPT. The nuclear relaxation curve has a single component
in the PM SC state, which suggests that the fast relaxation in
the FM SC state is a characteristic feature of UCoGe and is
closely related to the interplay between the FM and SC states.
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